ABSTRACT Nowadays, terahertz (THz) imaging is quite promising in scientific and biomedical applications. However, the much longer wavelength degrades the resolution of obtained images compared with classical imaging at optical frequencies. Imaging is considered to be a convolution process between the object function and point spread function (PSF) of the system. Thus, how to describe the object accurately from a blurred image is an inverse problem. In this paper, we demonstrate how well such a method can function. We would illustrate how to make current facilities overcome the physical limitations in imaging, which can image at the sub-spot level. Periodical stripes with a period of 0.8 mm are resolved at 0.3 THz. The resolution is 0.32 times the physical size of the focused beam. Moreover, this method is extended to the mathematical operations in a complex domain, which is distinct from previous image studies via visible/IR light. Physically, it means that we essentially deal with phase by making use of the wave nature of THz light. For the first time, it is demonstrated that the reconstructed phase can also describe the shape of the object by applying such an approach. In addition, we have successfully measured the diameter of human hair with a relative error of less than 10% at 3 THz. As an example, we did an experiment on tissues of colorectal cancer and a better image is obtained, which would be helpful for medical diagnosis. We believe that such an approach is able to improve imaging performance at THz frequencies and many applications will gain from it.
I. INTRODUCTION
Terahertz (THz) wave oscillates at frequencies between 0.1 and 10 THz, which locates between the microwave and infrared regions of the electromagnetic spectrum. THz wave is nonionizing, and it can penetrate most of the nonmetallic materials [1] . THz wave has attracted a lot of interests in various applications due to the special properties. Such as biomedical imaging [2] - [3] , cultural heritage protection [5] - [7] and non-destructive testing for industrial applications [8] , [9] . THz techniques also can be applied to inspect of food and drugs [10] . However, the spatial resolution of THz imaging systems is much lower than optical imaging due to the longer wavelengths compared to visible light [11] .
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This makes THz images difficult to understand. Even though near-field imaging can achieve fine resolution, objects must be located extremely close to the sensors to detect evanescent waves. It is not convenient for practical applications and generally imaging becomes quite slow in this way. Therefore, far-field THz diffraction imaging, as a convenient method, is widely applied nowadays. However, its lower-resolution is always complained and it is necessary to improve the quality of obtained images [12] - [14] . At least we should be able to map images at THz and optical frequencies correctly, and make a straightforward comparison between them.
Although we can try to upgrade current facilities to achieve a high resolution image, there is always a physical limit, and the expected resolution is decided by the actual size of the focused beam. Therefore, signal processing has an ample scope for overcoming the physical limitations in imaging and deliver us better images without changing the hardware. Unfortunately, the application of THz imaging algorithms lags behind imaging systems via visible and infrared light. In most cases, applied algorithms are simply shifted from optical imaging processing and there is little consideration for the wave nature. According to us, classical imaging processing algorithms are based on geometrical optics, and phase operations are not implemented because most optical facilities are not able to measure the phase directly. On the other hand, it is not difficult to obtain the phase information at microwave or even low-THz frequencies. From the mathematics point of view, phase information of THz waves can be fully utilized in imaging by expanding classical real-number operations to complex-number fields.
Up to now, some optical imaging algorithms such as histogram equalization, wavelet de-noising and mean filtering [15] - [17] were used to improve image contrast and reduce the noise of the THz image. However, the edges of the object cannot be preserved by these algorithms. Homomorphic filtering was also adopted to suppress the fluctuation noise, but this method was only suitable for the multiplicative noise using a frequency-domain filter [18] . Morphological reconstruction was applied to suppress the background noise in imaging, but this method is effective only for contours of objects, and it cannot realize image deblurring in the inner parts [18] . Essentially, the measured THz image is a convolution of the object function and the PSF of the imaging system. To get a clear image, the influence of PSF should be eliminated. Under this theory, an imaging phantom was introduced to estimate the PSF [20] . Some authors developed a THz PSF model to enhance the resolution within the scale of Gaussian beam [21] . However, both of the researches in [20] and [21] only deal with real-number data, and the phase information is not considered. Till now, improvements of THz images are limited, and there is a lack of quantitative evaluation of the results. According to us, it is necessary to improve methods by considering the wave nature, and resolution should be further enhanced with an objective and proper evaluation. This paper is structured as follows: in section two, a practical THz transmission system has been implemented. In section three, a classical deconvolution method is analyzed. In section four, the results of THz imaging are demonstrated and discussed. At 0.3 THz, we achieved a decent resolution of 0.8 mm, which is 0.32 times of the beam size (2.5 mm), making such a method quite convincing. Then, the complex number operation is implemented by taking the phase information into account, which is distinct from previous studies. It is impressive that we can sense the object from the recovered phase. Afterward, we measured the diameter of human hair at 3 THz with a relative error of less than 10%. In section five, we use our method to a THz image of colorectal cancer tissue. It presents a more distinctive result.
II. EXPERIMENTAL SETUP
A schematic of the THz transmission imaging system is shown in Fig. 1(a) . It works at the frequency of 0.3 THz. The system consists of a vector network analyzer (VNA) together with frequency extension modules. Incident THz waves are first collimated and then focused on the object plane using two off-axis parabolic mirrors. The object is moved along X and Y directions on a step motor. The focused beam passes through the object and guided by another two off-axis parabolic mirrors to the sensor plane. Each of these four mirror has a diameter of 50.8 mm, with focal lengths of 2 inches, 2 inches, 4 inches and 4 inches respectively. THz image is processed using a Labview program. This program can synchronize the position of the object with the return signal. Fig. 1(b) shows a photo of the imaging system. In this system, both the phase and amplitude information can be obtained from transmitted waves.
III. THEORETICAL MODEL
For a THz imaging system with a pixel scanning mode, the image processing can be mathematically modeled by a 2-D convolution [22] :
where g represents the image function, f is the function of the object, h is the PSF and n is the additive noise of the imaging system. Eq. (1) can be transformed to the frequency domain VOLUME 7, 2019 through the Fourier Transform:
where H(u, v) and N are the Fourier Trans-
, y j ) and n, respectively. In order to solve the inverse problem, we should eliminate the influence of PSF from G(u,v) as beloŵ
Mathematically, zeros in H can result in an infinite amplification of noise. To solve this problem, a regularization is adopted in CLS deconvolution [23] . The deconvolution algorithm in the frequency domain can be expressed as follows:
where γ is the regularization parameter to balance the fidelity and the smoothness of the reconstructed results, and P(u,v) is a weighting function of the raw data to towards a better noise abatement for an optimal reconstruction. According to [23] , the discrete laplacian operator can be used as P (u, v) , and value range of the parameter γ can be drawn from [0, 0.5].
In our method, the value is set to 0.02.
IV. RESULTS AND DISCUSSIONS
A 0.5 mm pinhole is designed for estimating the PSF of our transmission system, as shown in Fig. 2(a) . A periodic structure sample with three 0.8 mm bar patterns is fabricated to evaluate the spatial resolution quantitatively, as shown in Fig. 2(b) . All of the two samples are processed by Cu-coating on SiO 2 substrate with the Cu-layer of the pinhole and patterns removed. The original THz image of the 0.5 mm pinhole measured by the THz imaging system is shown in Fig. 3 . The testing frequency is fixed at 0.3 THz. The scanning step of the motor is set to be 0.2 mm. The image shown in Fig. 3(a) displays the amplitude of the recorded data which has 21 × 21 pixels. This figure gives a good approximation of the PSF and the profile of the PSF is shown in Fig. 3(b) . The full width of the focal spot at half of its maximum value (FWHM) is measured about 2.5 mm, as shown in Fig. 3(b) . In imaging system, resolution is usually described as the FWHM of the PSF. That is to say, the resolution of the THz imaging system shown in Fig. 1 is about 2.5 mm. Therefore, the details of objects less than 2.5 mm are ambiguous in this system. To highlight the ability for high-resolution using our method, an object with three 0.8 mm stripes is tested in this paper.
The obtained THz image of the object is shown in Fig. 4(a) , which includes 67 × 90 pixels. The three stripes are merged together in the original image and the three stripes cannot be recognized. In order to improve the resolution, CLS deconvolution method is used. The original THz image data can be viewed as the image function, and the pinhole shown in Fig.3 can be seen as the PSF. We use Eq.(4) to calculate the Fourier matrix of the reconstructed image. Then, the reconstructed result can be obtained by inverse Fourier transform as shown in Fig. 4(b) . To compare the results accurately, amplitude normalization is used for both original and reconstructed images in gray level. Obviously, the reconstructed image has a better resolution, in which the three bars are quite visible. For comparison, the values of pixels along the horizontal direction in Figs. 4(a) and (b) are shown in Fig. 4(c) . The black dot line represents the values along a clear 0.8 mm stripe, which can be seen as the standard reference line. The blue dot line is the values of pixels along the marked line in Fig. 4(a) , and the red line is values of pixels along the marked line in Fig. 4(b) . To make a fair comparison, we select the pixel values at the same location as shown in Fig. 4(a) and (b) . The maximal and minimal amplitude values of the stripes are marked in Fig.4(c) . As is well known, the image contrast can be employed to examine the resolution of THz imaging [24] . Thus we calculate a contrast of the stripes, where I max and I min are the maximal and minimal intensities respectively in the stripes. The I max and I min of our original data is 0.8836 and 0.7569, respectively. The I max and I min of our reconstructed data is 0.81 and 0.3364, respectively. Therefore, the image contrast of the original data is 7.72%, and the image contrast of the reconstructed data is 41.31%. It is clear that our proposed method produces a high image contrast. As mentioned before, the FWHM of the PSF is about 2.5 mm, and the blurred 0.8 mm periodical stripes can be clearly distinguished via our method. It should be pointed out that 0.8 mm is 0.32 times of the FWHM. That is to say, we have achieved a fine resolution, which is 0.32 times of the physical size of the focused beam. Actually, we evaluate the resolution by using samples with periodic slots quantitatively, which is more challenging compared to previous studies at THz frequencies. To the best of our knowledge, this is a first quantitative evaluation of the results in such studies at THz frequencies by linking the essential resolution and the beam size.
As mentioned above, most applications of THz imaging algorithms deal with real numbers. It is not strange since the method starts from optics, in which intensity is mostly applied. However, complex operations are possible in THz imaging applications since phase can be measured at a reasonable cost. Mathematically, we expand the method to complex numbers; and physically, we expand intensities to amplitudes, in which phase information is included. A new sample on Cu-coating board is made, as shown in Fig. 5(a) . From the experiments, we deal with the amplitude and phase information simultaneously. The original THz images are shown in Fig. 5(b) and (d) in terms of amplitude and phase, respectively.
Then we implement deconvolution in complex field, by taking both the amplitude and phase into account. We extract the amplitude and phase matrix of the sample. Then combining the two matrices into a complex matrix to implement deconvolution. The pattern on the board can be recognized on amplitude image in Fig. 5(b) , and completely invisible on phase image in Fig. 5(d) . However, the object in the reconstructed images in Fig. 5(c) and (e) can be recognized easily with a sharper edge. Especially the original phase image is seriously blur, but the outline of the object can be seen in the reconstructed phase image. It is impressive that the reconstructed phase part can also give useful information. To the best of our knowledge, improvement in phase image is demonstrated in THz imaging for the first time. And it may benefit many applications requiring accurate measurements. To investigate the universality of this method, we use it in another imaging system. This experiment is at 3 THz and THz quantum cascaded laser (QCL) is applied as the illumination source. In this experiment, some human hairs are tested. The same deconvolution process is performed on the original THz image. Fig. 6(a) is a photo of the sample. It consists of three hairs pasted close to each other, and the imaging area is marked by the red dot line. A 100 µm pinhole is used to estimate the PSF. The original THz image and the reconstructed image are shown in Fig. 6(b) and (c), respectively. It can be seen that the reconstructed image displays the hair more clearly. Afterward, we measured the absolute diameter of the hair, which is 91.4 µm. By checking the reconstructed image, the diameter of the hair is 100 µm. It is quite impressive that the relative error is less than 10%. Thus, the superior image restoration ability of our method is apparent in this experiment. We think such an accuracy in measurement and such resolution can already to serve many imaging/measurement applications.
V. APPLICATIONS IN CANCER DETECTING
According to the studies above, it has been approved that deconvolution approach is able to improve the quality of THz images. Therefore, we have started to consider to apply it to biomedical applications. A colorectal tissue sample was obtained from patients who were diagnosed with colorectal cancer at the First Hospital of China Medical University. The fresh tissues were fixed by formalin and embedded in paraffin. Then the paraffin surrounded the tissue were melted. For initial experiments, the sample is tested at 0.3 THz and imaging is implemented with a scanning step of 0.2 mm. The digital photograph for this tissue is shown in Fig. 7(a) . The area of tumor is located in the lower right corner. Fig. 7(b) is the original THz image of the sample. The image has 75 × 25 pixels. It is clearly seen that the edge of the tissue is blurred, and the outline of the tumor area is not clear. The reconstructed image is shown in Fig. 7(c) . Compared to the original image, the reconstructed image has a cleared edge of the tissue. Moreover, the tumor area is resolved distinctly in the reconstructed image.
VI. CONCLUSIONS
In conclusion, we proposed a method to improve the THz imaging resolution based on CLS deconvolution. The periodical stripes have been resolved at 0.3 THz successfully, implying that we are able to see the features at a third of the beam spot. Moreover, we extend this method to complex domain, which considers the phase information in deconvolution. It is impressive that through our method we can extract the useful information from phase image. In addition, the human hair as small as 100 µm is resolved at 3 THz by our method with a relative error within 10% in terms of the absolute diameter of the hair. As an example, our method is tested by imaging a colorectal tissue sample with cancers. It is able to deliver us a more clear imaging, which is helpful for medical diagnosis. We believe that such an approach is able to deal with the lowresolution problem for THz imaging and many applications will gain from it.
